Introduction
Cap rock, defined as a sufficiently low porous and permeable seal rock, plays a key role in hydrocarbon accumulation and preservation (e.g., Schlömer and Krooss, 1997; Corrado et al., 2014; Huq et al., 2017) . Cap rock constitutes an effective barrier for the volumetric flow of hydrocarbons into overlying layers. However, cap rock should not always be regarded as a totally impermeable unit that does not allow flow of hydrocarbons or other fluids (Li et al., 2005; Schmitt et al., 2013) , because it may still contain relatively fine pore structures and narrow throats that allow some fluid circulation (Vavra et al., 1992; Rezaeyan et al., 2015) . There are extensive studies of cap rocks composed of mudstone, shale and gypsum (Caillet, 1993; Armitage et al., 2010; Boulin et al., 2013; Corrado et al., 2014; Huq et al., 2017; Newell et al., 2017; Liu et al., 2017) , but investigations on carbonate cap rocks are less abundant and have only started in recent years. Most of the few existing studies mainly focus on the identification and quantitative characterization of the carbonate cap rock (Lü et al., 2017; Wu et al., 2018a) . In carbonate reservoirs, the rock heterogeneity and pore network geometry control the sealing capacity of the rock. There are recent studies of rock pore structures that determine the pore size distribution (PSD) in sandstone and shale reservoirs. However, less attention has been paid to the quantification of such distributions in carbonates because of their highly complex small-scale pore geometry characteristics (Wu et al., 2018b) . Therefore, the mechanisms controlling the sealing capacity of carbonate cap rocks are not yet well understood, and systematic studies tackling this issue are required.
Unlike the millimeter and centimeter-scale pores in conventional carbonate and sandstone reservoirs (Mazzullo and Harris, 1992; Ehrenberg and Nadeau, 2005) , carbonate cap rock typically presents more complicated and smaller pore structures, ranging from nanometers to several hundred microns (Wu et al., 2018b) . Therefore, a complete characterization of PSD in such rock type cannot be obtained with just a single test method (Schmitt et al., 2013) , making it essential to adopt a combination of techniques to properly characterize the permeability and sealing capacity of carbonate cap rocks.
There are a number of studies that have investigated the pore throat types, shapes and PSD of different carbonates using polarizing light microscope, field emission-/scanning electron microscopy (FE-SEM/SEM), focused ion beam scanning electron microscopy (FIB-SEM), and micro-/nano computed tomography (Micro-CT/Nano-CT) (Anselmetti et al., 1998; He et al., 2016; Rashid et al., 2017) . Among these methods, thin section petrography allows characterizing pore types and shapes at the micronscale, bur fails to achieve quantitative estimates in cases with relatively low-image resolution. For instance, features smaller than that of the maximum resolution of micrographs cannot be detected (Pant et al., 2015) . Micro-CT and Nano-CT scans are also typically utilized to visualize and reconstruct pore network systems in three dimensions (Zambrano et al., 2017) . These techniques feature a maximum resolution of 50 nm (Pant et al., 2015; Xie et al., 2015; Zhang et al., 2017) . FE-SEM/SEM and FIB-SEM can be used to investigate nanopore structures with a higher image resolution but are restricted to two dimensional analyses in the first case (Gundogar et al., 2016) . In summary, all these methods outlined above are applied to qualitatively characterize pore throat structures, but do not allow their quantitative analysis due to limitations of sample size and instrument resolution.
Recently, the mercury injection capillary pressure (MICP) and nitrogen gas adsorption (N2GA) methods have shown promising results for the quantitative investigation of pore structures of shale and sandstone reservoirs (Ross and Bustin, 2009; Cao et al., 2016) and their sealing rocks (Schmitt et al., 2013) . MICP and N2GA methods have been extensively utilized to quantify porosity defined by pores with radii ranging from 6 to 10,000 nm and from 1 nm to 10 nm, respectively. The variations of PSDs obtained by these two methods are significant, revealing that neither the MICP nor the N2GA method can be utilized alone to achieve a complete analysis of PSDs in carbonate samples (Schmitt et al., 2013; Nooruddin et al., 2014) . Furthermore, there is an overlapping region of pore size between 6 nm to 10 nm that can be measured with both techniques. In order to evaluate the complex and diverse pore throat structures in carbonate cap rocks, we can take 6 nm as a linking point to establish the connection between MICP and N2GA measurements (Cheng et al., 2006) . Then we can take the total pore volume as a benchmark to normalize and calculate the PSD in the range of 1 nm to 10,000 nm. Consequently, the combination of MICP and N2GA analyses, together with thin section and SEM image analysis techniques, can provide new insights into the quantification of pore structures and their geometries in carbonate cap rock (Aliakbardoust and Rahimpour-Bonab, 2013; Schmitt et al., 2013) .
The fractal dimension (D) is an important parameter to describe the irregularity and roughness of natural structures (Mandelbrot et al., 1984) , and has been widely applied to investigate the heterogeneity of pore structures and irregular variations of sedimentary rocks among various reservoirs all over the world (Muller and Mccauley, 1992; Schlueter et al., 1997; Dutta and Tarafdar, 2003; He et al., 2016; . The combination of the MICP and N2GA methods has proven to be the most effective way to determine the fractal dimension of tight sand/carbonate reservoir porosity through processing the original testing data (Aliakbardoust and Rahimpour-Bonab, 2013; Cao et al., 2015; Yang et al., 2017) .
Relatively small and narrow micro-and nanoscale pore throats not only control the excessive capillary pressure, but also provide high sealing capacity that hinders the upward migration of hydrocarbons (Schmitt et al., 2013) . The lack of understanding of pore structures and their fractal dimension variations is a major handicap for the evaluation of sealing mechanisms in carbonate cap rocks. Thus, unraveling pore throat structures and their size distribution, connectivity as well as their fractal characteristics, is essential for accurately determine the capacity of cap rock to control petroleum migration and sealing.
The main aims of the present study are (1) to systematically characterize the pore throat structure types using a combination of MICP and N2GA methods, and thin section and SEM analyses of samples from the Lower-Middle Ordovician Yingshan (O1-2y) Formation from the Tahe oilfield, Tarim Basin; (2) to combine these analyses with the fractal theory to quantitatively distinguish the fractal characteristics of carbonate cap rock; and (3) to quantify the impact of micropore structures and their fractal dimension accurately on the sealing capacity in carbonate reservoirs.
Geological setting
The Tarim Basin is the largest one in northwestern China, with an area of 56×10 4 km 2 . The Tahe oilfield is located in the Tabei Uplift of this basin and covers approximately an area of 3,800 km 2 ( Fig. 1A ) (Kang et al., 2005) . This oilfield is located in the central-southern part of the Akekule arch in the Shaya uplift (Fig. 1B) , which is bounded by the Halahatang depression to the west, the Shuntuoguole uplift to the south, the Caohu depression to the east, the Manjiaer depression to the southeast and the Luntai fault to the north (Fig. 1B) (Tian et al., 2016 (Wu et al., 2018b) .
Samples and methods
The study is based on detailed observations of 106.5 m of drill core from 15 wells, 105 core samples and 356 core pictures. The selected samples are all carbonate cap rocks because they can be identified using well data and drill core, fullbore microscan imaging (FMI), combination core and FMI, combination of core and wireline log, and seismic profiles (Wu et al., 2018a) . These samples were studied using a series of analytical techniques, including the combination of MICP and N2GA methods, thinsection optical and electronic microscope petrography, porosity and permeability tests and fractal dimension calculations. In addition, the details of the drilling processes, well completion records and daily production data provided by the Northwest Oilfield Branch of SINOPEC were also used in our analysis. Wu et al., 2018a Wu et al., , 2018b .
Combination of MICP and N 2 GA
A total of 21 carbonate cap rock samples were analyzed from seven wells (Table  1) . Each sample consisted of a cylindrical plug with a diameter of 25 mm and length of 50 mm. The micropore structure data acquired from the same samples were measured using a combination of the MICP and N2GA methods at the Experimental Research Center of Wuxi Research Institute of Petroleum Geology, SINOPEC. An AUTOPORE IV9520 Micropore Structure Analyzer and JW-BK22 Surface Area Analyzer were utilized to determine the pore size distribution of the 21 samples following the Chinese standards NB/T 14008-2015, GB/T 21650.1-2008 and GB/T 21650.2-2008. We obtained a series of parameters for the quantitative evaluation of pore throat structure, including porosity, permeability, breakthrough pressure (Pb), breakthrough radius (Rb), median pressure (Pm), median radius (Rm), height of gas column (HGC), cover coefficient (CC) and specific surface area (SSA).
The breakthrough pressure (Pb) under the gas-water phase corresponds to the point where the saturation is 10% on capillary pressure curves (Fan et al., 2011) . The breakthrough radius (Rb) is the radius corresponding to the breakthrough pressure. The median pressure (Pm) corresponds to the capillary pressure at 50% accumulated saturation of the gas-water phase. The median radius (Rm) is the pore throat radius corresponding to the median pressure (Pm). In addition, the breakthrough pressure of the cap rock controls the height of gas trapped in the reservoirs (Cheng et al., 2006) .
The critical accumulation height of hydrocarbon gas within the reservoirs is known as the height of the cap rock gas column (HGC). The capacity of sealing natural gas of the carbonate cap rock can be expressed by the cover coefficient (CC) in specific traps (Cheng et al., 2006) . The specific surface area reflects the hydraulic properties of the pore network (Zambrano et al., 2017) . (1)
where and are the density of formation water and oil-gas, respectively, g is the acceleration of gravity and Z is the closure of the structure.
Thin section petrography
A total of 151 thin sections were studied under polarizing light microscope at the China University of Geosciences, Beijing. 36 of these sections were 1/3-stained with Alizarin Red S to distinguish calcite and dolomite, and 15 were impregnated with epoxy resin dyed with methylene blue to highlight the pore features. Through the observation of all thin sections, the content of calcite cement obtained from at least eight photomicrographs from each thin section was determined by volumetric proportion using the point counting method via image analysis software .
Porosity and permeability tests
Effective porosity and permeability were measured on 21 plug samples (with a diameter of 25 mm) at the experimental research center of Wuxi research institute of petroleum geology of SINOPEC. These tests were performed with a QK-98 Helium Gas Porosimeter and a GDS-90F Helium Gas Permeameter following Chinese standard industry methods (GB/T 29172-2012) . In order to make a direct comparison between petrography and porosity-permeability properties, 21 thin sections were cut from the end of these corresponding plug samples (Erwin et al., 1979) .
Scanning electron microscopy
Scanning electron microscopy (SEM) analyses were performed to characterize the pore throat geometry, internal pore structure and cement morphology in the carbonate cap rock intervals. Eight samples coated with gold were examined using a FEI Quanta FEG450 SEM with a working current set at an accelerating voltage of 20.0 kV at the Experimental Research Center of Unconventional Technology Research institute of CNOOC.
Fractal dimension calculation
The number of pores with a radius larger than r is counted N(>r). According to the theory of fractal geometry (Mandelbrot et al., 1984) , if the pore size distribution is in accordance with the fractal structure, the relationship between N and r can be written as :
where rmax is the maximum pore radius, f(r) is the distribution density of pore radii, a is a proportionality coefficient, and D is the fractal dimension.
The distribution density of pore radii f(r) can be obtained by deriving the pore radius (r). The volume of pores with a radius smaller than r, termed V(r), can be calculated through the integration of r. 
where β is a constant associated with the geometric shape of the pore and rmin is the minimum radius of the pore. Thus, the total pore volume (V) can be obtained:
Using equations (5) and (6) 
Since rmin<<rmax, r, the Eq. (7) can be simplified as follows:
Now, according to the relation between capillary pressure (Pc) and pore radius of the rock (Berg, 1975) , and assuming that the wetting angle is not influenced by pore size, the rmax corresponds to the minimum capillary pressure (Pmin):
where σ is the interfacial tension and θ is the wetting angle.
Therefore, by combining Eqs. (9) and (10), the cumulative pore volume percentage (S) can be expressed as:
In logarithm form equation (11) becomes:
where S is the wetting phrase saturation corresponding to the capillary pressure Pc.
Consequently, the cross-plot between lgS and lgPc will present a linear trend when the pore-throat features match the fractal theory. The slope of the straight line (B) in the plot can be obtained to calculate fractal dimension as follows:
The value of D in carbonate cap rocks ranges from 2 to 3 (Thompson et al. 1987) , and the closer the D value is to 2, the more regular the pore throat shape and smoother the pore throat surface, whereas values of D closer to 3 account for a more complex pore throat structure and rougher pore throat surface (Krohn, 1988) .
It is usually straightforward to carry out a regression fitting of experimentallyderived capillary pressure data, either using the whole data set or part of it. Obviously, the values of fractal dimension obtained with this method are quite different from the actual results, and cannot truly reflect the pore-throat distribution of carbonate cap rock . Therefore, when calculating the fractal dimension, we carried out a piece regression according to the distribution of data points and the range of pore sizes (Zhang et al., 2018) . In this way we not only ensure the data integrity, but also truly reflect the pore distribution.
Based on the fractal theory, the regression of the lg(1-SHg) vs. lgPc results in a completely straight line when the structures from large to small pore throats are similar, which means that the fractal dimensions are very close and can be classified as an integral fractal (single fractal). In other cases, the regression of lg(1-SHg) versus lgPc shows a curved trend with various turning points. In such case, the regression curve can be divided into several segments to calculate the corresponding fractal dimension of distinct pore throats. According to the methods adopted by and Zhang et al. (2018) , the multi-fractal dimension in combination with the weighted average porosity was used to calculate the total fractal dimension (Dtotal) among the whole porethroats with various sizes.
where ϕi and Di are the porosity and fractal dimension of the corresponding pore-throat size, respectively.
Results

Lithology
Based on core and thin section observations of cap rock in the study area, four lithological types were identified: micrite, calcarenite, dolomitic limestone and silityfine crystalline dolomite (Table 1) . Each of these types includes different lithological subtypes, which were grouped in order to facilitate the statistical analysis of lithologies. Specifically, intraclastic micrite and micrite are combined into the micrite type. Calcarenite includes sparry calcarenite and sparry calcirudite. Dolomitic limestone also accounts for intraclastic dolomitic limestone and micritic dolomitic limestone, while fine crystalline dolomite, argillaceous dolomite and silty crystalline dolomite are attributed to the silty-fine crystalline dolomite category (Fig. 2) .
Micrite is the predominant lithological type of our cap rock. This lithology is dominantly composed of purely massive and homogenous micrite, with a small amount of scattered quartz (from zero to 2.3% in content) (Fig. 2E ). This rock type is very tight, and microfractures are almost absent in the studied cores. Partially dissolved pores are occluded with calcite cements (Fig. 2D ). Thin sections show that horizontal fractures and vertical or sub-vertical fractures are woven into mesh-like complex networks, and the pores are partly filled with residual bitumen (Fig. 2L ).
The second most abundant lithotype is calcarenite. It is composed of gastropoda bioclasts and intraclasts ranging in size from 0.23 to 2.6 mm with an average of 0.75 mm ( Fig. 2A , B, J, K). This type is characterized by highly compacted layers with abundant stylolites, as well as bladed or isopachous fibrous calcite cements of multiple generations. Extreme cementation (e.g. blocky cements, Fig. 2F ) occludes intragranular pores, with a wide range of volumetric content of cement varying from 2.3% to 13.7% (avg. 8.6%).
Dolomitic limestone is the third most abundant lithological type from the 2 nd and 3 rd members of the O1-2y Formation. Euhedral rhombic dolomite crystals account for 30%-48% of the total rock volume (avg. 36.5%) and are scattered in the host limestone (Fig. 2G ). Subhedral dolomite crystals are mainly concentrated along and in the vicinity of stylolites (Fig. 2C ). Residual bitumen is predominantly identified within these chemically compacted zones (Fig. 2E ).
Silty-fine crystalline dolomite occupies the smallest proportion of the four lithological types and is only present in the 1 st and 2 nd members of this formation.
Euhedral to subhedral rhombic silty-fine crystalline dolomite crystals are pervasive. This crystal content averages about 76.8%, ranging from 57.3% to 87.6%. There is almost no intercrystalline porosity in silty crystalline dolomite, and the residual pores are completely occluded with dolomite cements and pyrobitumen.
Features of pore throat structure
There are several published classification schemes of pore features (e.g. Xoaoth, 1966; Sing et al., 1985; Rouquerol et al., 1994; Loucks et al., 2012; . We have further subdivided the pore-throat size to analyze pore structures of carbonate cap rock based on the classification of Xoaoth (1966) and . This comprises macropore-I (with >2500 nm diameter), macropore-II (1000-2500 nm), mesopore-I (250-1000 nm), mesopore-II (100-250 nm), transitional pore-I (50-100 nm), transitional pore-II (10-50 nm), and micropore (<10 nm). Features of pore throat and pore size distributions (PSDs) of carbonate cap rock were qualitatively and quantitatively analyzed through the combination of MICP and N2GA analyses (see methods section), revealing that the analyzed samples mainly comprise macropores, mesopores and transitional pores (Fig. 3, Table 1 ).
Other parameters were used in the analysis of the pore throat structure in this study including breakthrough pressure (Pb), breakthrough radius (Rb), median pressure (Pm), median radius (Rm), height of the cap rock gas column (HGC), cover coefficient (CC) and specific surface area (SSA). The reader is referred to the methods section for the definition of these parameters. Generally speaking, the Pb of the carbonate cap rock varies dramatically from 0.0219 to 0.6389 MPa (with an average of 0.1361 MPa). The Rb is in the range of 223.40 to 6510.46 nm, with a mean value of 3102.73 nm. The Pm ranges from 0.1717 to 5.2600 MPa, with an average of 1.2190 MPa. The corresponding Rm varies between 27.13 and 836.17 nm, with a mean value of 278.63 nm. CC has a wide variation between 4.384% and 127.771%, with a mean value of 27.226%. The SSA is in the range of 1.8034 to 3.9148 m 2 /g, with an average of 2.7201 m 2 /g.
The capillary pressure (Pc) generally increases with mercury intrusion saturation (SHg) in our samples. The capillary pressure curves show a very steep trend in the initial stage and have no relatively horizontal stage with gentle slopes in the intermediate stage of the mercury injection process (Fig. 3) . Six types of pore throat structures in the carbonate cap rock were thus recognized based on the analysis of the aforementioned parameters, the pore throat size distribution and the cross plot of capillary pressure versus average saturation (Table 2, Fig. 3 ). The details are as follows:
Type A
This type features high Pb, HGC and CC, medium Rb and low SSA (Fig. 3) . The Pm value is the highest among the six types, while the Rm value is the lowest (Fig.  4A1) .The pore throat diameter of type A shows a remarkably unimodal distribution, which lies between 25 nm and 250 nm with a mode of 34.9 nm (Fig. 4A2) . The pore throat volumes with diameters of 25-50 nm, 50-100 nm and 100-250 nm account for 36.14%, 20.94% and 21.02% of the total pore volume, respectively (Fig. 4A3 ).
Type B
This type features the highest Rb and Rm, medium SSA, and the lowest Pb, Pm, HGC and CC (Fig. 3) . The Rb and Rm values in type B are higher than those of other five types. Conversely, the highest Rb and Rm values always correspond to the lowest Pb and Pm (Fig. 4B1) , and the HGC and CC present the lowest values. For type B, the pore throat diameter shows a bimodal distribution. The larger pore throat diameter lies between 2,500 nm and 10,000 nm, with a mode of 8,085 nm, while the smaller pore throat diameter lies between 25 nm and 50 nm with a mode of 49.9 nm (Fig. 4B2) . The volume percentage of pore-throat with diameter greater than 2,500 nm makes up 33.68% (Fig. 4B3) .
Type C
This type features medium Pb, Pm, Rb, HGC, CC and SSA, and lower Rm (Fig. 3) . The Rm value of type C is significantly lower than that of type B (Fig. 4C1) . The PSD of type C is dramatically unimodal with pore throat diameters mainly varying from 100 nm to 250 nm with a mode of 127.5 nm (Fig. 4C2) . Proportionately, the pore throat with diameters in the range of 100-250 nm is predominant, amounting 40.02% (Fig.  4C3 ).
Type D
This type features high Pm, Rb, and SSA, medium Rm, and low Pb, HGC and CC (Fig. 3) . The Pm, Rb, and SSA values of type D are slightly higher than those of type C (Fig. 5D1) . However, the Pb, HGC and CC values of type D are much lower in comparison to those of type C. The pore throat diameter of type D indicates a bimodal distribution with a larger model in the range of 2,500-1,000 nm (avg. 8085.7 nm) and a smaller model in the range of 100-250 nm (avg. 127.5 nm) (Fig. 5D2) . The volumes of pore throat with a pore throat diameter of 100 to 250 nm and 2,500 to 10,000 nm account for 26.75% and 17.35% of the total respectively (Fig. 5D3). 
Type E
This type features the highest Pb, HGC and CC, medium Pm and Rm, and the lowest Rb and SSA (Fig. 3) . The mean values of Pb, HGC and CC in type E show the largest span and are distinctly higher than those of the other types (Fig. 5E1) . Compared with the other five types, the Rb and SSA values of this type are much lower. The pore throat diameter of Type E show a considerably unimodal distribution, and the main pore throat size ranges from 250 to 500 nm with a mode of 323.8 nm (Fig. 5E2) . There are 42.84% of the volume having a pore throat diameter variation of 250-500 nm, followed by 22.80% of the total volume with a pore throat of 100-250 nm in diameter (Fig. 5E3 ).
Type F
This type features high SSA and Rm, medium Pb, HGC and CC, and low Pm and Rb (Fig. 3, 5F1) . The SSA values are the highest among the six types of pore throat structures. For type F, there is a significant unimodal distribution of the pore-throat diameter. The pore throat diameters mainly focus on the 500 to 1,000 nm range, with a mode of 658.6 nm (Fig. 5F2) . The pore volume with a pore throat diameter of 500-1,000 nm accounts for 48.89% of the total pore volume (Fig. 5F3 ).
Fractal dimension characteristics
By plotting lgPc against lg(1-SHg) values of our carbonate cap rock samples of the O1-2y Formation, we can relate their fractal features with different diameters of pore throats (Fig. 6, Table 2 ). The results indicate that not all the fractal dimensions in all carbonate cap rock samples satisfy the variation between 2.0 and 3.0 (Krohn, 1988) . This is probably associated with the resolution and detection limit of the AUTOPORE IV9520 Micropore Structure Analyzer (Cheng et al., 2006; Schmitt et al., 2013) . When the pore properties of carbonate rock samples are highly complex, the instrument for testing micropores inevitably cause some errors (Nooruddin et al., 2014; Zhang et al., 2018) and does not always accurately characterize the full range of pore throat sizes due to some uncertainties associated with N2GA experimental instruments (He et al., 2016) . The considerable differences in the slope of the straight line for various pore throats always represent distinct fractal behaviors (Zhang et al., 2018) . We further separated the cross-plots into multiple segments based on the morphology of regression curves in this plot. Six types of fractal dimensions correspond to the fractal behaviors of the macropore-I (with diameter >2,500 nm, D1), macropore-II (1,000-2,500 nm, D2), mesopore-I (250-1,000 nm, D3), mesopore-II (100-250 nm, D4), transitional pore-I (50-100 nm, D5), and transitional pore-II (10-50 nm, D6) types. Then, we calculated the fractal behavior of carbonate samples using the linear fitting curves of various segments, according to the equations (12) and (13). Meanwhile, the average correlation coefficients of line regressions in multiple segments are greater than 0.965, indicating that the carbonate cap rock samples are significantly fractal.
Consequently, the fractal dimensions following the definition range of 2.0-3.0 can be selected to reflect the fractal features of the carbonate cap rock. The results of fractal dimension for all samples are presented in Fig. 7A and Table 2 . The results show that the decreasing average fractal dimension values from D1 to D4 are associated with a decrease in pore throat size. It is worth noting that the fractal dimension of the transitional pore-I type (D5) presents a slightly increasing trend, while the fractal dimension of the transitional pore-II type (D6) decreases (Fig. 7B) .
The total fractal dimension (Dtotal) for all carbonate cap rock samples is presented in Table 2 according to the Eq. (14). Dtotal is in the range of 2.0885 to 2.9609, with an average value of 2.6618, indicating the pore throat structure of carbonate cap rock is complex and heterogeneous.
Porosity and permeability
Porosity and permeability of carbonate cap rocks from the O1-2y Formation in these six types of pore throat structures vary widely from 0.47% to 20.41% and from 0.00703×10 -3 μm 2 to 17.5×10 -3 μm 2 , respectively (Table 1) . Overall, porosity in the studied samples does not exceed 5%, with the exception of samples #09, #10 and #11 located at depths ranging from 6,688.85 m to 6,690.53 m, where the average porosity increases to 12.72% (Table 1 ). The minimum values of average porosity and permeability are 0.91% and 0.012×10 -3 μm 2 , and correspond to types B and D of pore throat structure in these carbonates, respectively. The highest values of average porosity and permeability are 9.86% and 5.860×10 -3 μm 2 , and correspond to types C and A of pore throat structure in this rock (Fig. 8A ). There is an extremely weak correlation between porosity and permeability, indicating that dead and/or closed pores represent a high proportion in carbonate cap rock.
SEM analysis
SEM images reveal that the carbonate cap rock samples are extremely dense. Microfractures (mainly < 20 μm in length) and intergranular pores can be seen occasionally without appearing interconnected (Fig. 9A) , resulting in different sealing potential of this rock, as discussed below. Intraclasts are mainly composed of microcrystalline calcite, with sparry calcite cement commonly partly/completely occluding the intergranular pores (Fig. 9B) . In addition, scattered laminated illite and lamellated illite acting as pore-filling occasionally block parts of these disconnected dissolved pores (Fig. 9C, E) , which yield irregularly shaped pore morphology. The amorphous intracrystalline pores and partially dissolved pores with sizes smaller than 500 nm are irregularly distributed in isolation (Fig. 9D, E) , resulting in an enhancement of the pore network complexity. Relatively well-developed intragranular pores have complex pore shapes and are distributed among two dense micrite zones with coalescent microfabrics (Fig. 9F) . Overall, the carbonate cap rock has irregular pore shapes and complex-connected pore space. 
Discussion
Relationship between lithology and petrophysical properties
The porosity and permeability (poro-perm) of all samples are generally ultra-low (Fig. 10A, B) , with the exception of two samples (#10 and #11). This is due to the presence of microfractures and dissolved pores in such samples (Fig. 10D, F) . Moreover, the poro-perm values of micrite are significantly lower than those of calcarenite (Fig.  10C, E) . The petrophysical properties of dolomitic limestone, particularly in vertical intervals (e.g., samples #09 and #10), are heterogeneous at a wide variety of scales (Table 1) . Dolomite samples have much higher proportions of high-permeability values at various depths.
The cross-plot between porosity and permeability has a highly variable characteristic (Figs. 8A and 10) . No positive correlation between the two parameters has been recognized in the micrite, calcarenite and silty-fine crystalline dolomite lithologic types (Fig. 10C , E, F), though a good positive correlation characterizes the dolomitic limestone lithotype with a high correlation coefficient of 0.8413 (Fig. 10D ). An increase in porosity is not related to an increase in permeability, indicating that carbonate cap rock has poorly-connected pore throat systems (Jaya et al., 2005; Norbisrath et al., 2017; Rashid et al., 2017) . This is certainly the case of the carbonate cap rock in the present study, considering that it is dominated by the four lithological types described above (Armitage et al., 2010; Zambrano et al., 2017) . There are also wide porosity and permeability variations between the six types of pore throat structures (from type A to F) as well as in each sample within a single pore throat structure type (Table 1) . This indicates that the carbonate cap rock from the O1-2y Formation in the Tahe oilfield has strong heterogeneity and significant anisotropy, both probably related to the presence of multiple pore throat structures induced by microfractures during mechanical compaction and cementation (Wu et al., 2018b) .
The maximum fractal dimension and average fractal dimension measured in samples corresponding to the calcarenite and dolomitic limestone lithotypes are greater than 2.0 and closer to 3.0 (Fig. 8B) . The average fractal dimensions of micrite and dolomite are significantly lower than those of the calcarenite and dolomitic limestone. The results indicate that calcarenite and dolomitic limestone present more complex pore surfaces. Our results reveal that the pore throat structures of carbonate cap rock are influenced by the lithological type of carbonates formed in the process of sedimentary rock accumulation or during diagenesis (Schmitt et al., 2013; Wu et al., 2018b) . The fractal dimension variability reflects the combined and interrelated effected of mechanical and chemical compactions, dissolution and cementation. 
Controls of microfractures and cementation on the cap rock sealing capacity
The sealing capacity of a reservoir seal can be reflected by the sealing height of the gas column (HGC) (Cheng et al., 2006) , in a way that the greater the value of HGC, the stronger the sealing capacity of the rock is and vice versa. The relationship between microfracture density (defined as the number of microfractures per meter), cement content and HGC have been analyzed in order to determine the controls of microfracture and cementation on the sealing capacity of the carbonate cap rock.
The HGC has a significantly good negative correlation with microfracture density in the pore throat structure types B and D (poor sealing capacity), with a higher correlation coefficient (Fig. 11A) . The HGC for carbonate cap rock gets reduced with increasing microfracture density, conforming to the rule of the logarithmic function (Fig.  11A ). This is maybe because the sealing capacity of the cap rock is strongly dependent on the disconnection of the pore throats (Schmitt et al., 2013; Rezaeyan et al., 2015; Zambrano et al., 2017) . Porous microfracutures related to calcite cement make the isolated intergranular pores to be connected in sample #21 (with a permeability of 17.5×10 -3 μm 2 , Fig. 10E and Table 1) , and thus provide more favorable channels for the upward migration of hydrocarbons ( Fig. 9A ) (Newell et al., 2017) . There are approximately four or five orders of magnitude difference in the permeability of the studied samples containing microfractures versus those without them (Table 1) .
Additionally, comparisons between lithology and cover coefficients for the 21 samples analyzed using the combination of MICP and N2GA methods shows that the micrite and silty-fine crystalline dolomite lithotypes with very fine micrite crystals and dolomite crystals do not always present high cover coefficient values (Table 1) . This finding is inconsistent with previous studies (Schmitt et al., 2013; Pant et al., 2015) . This phenomenon could be explained considering the presence of microfractures, resulting in a poor sealing capacity of these lithological types in relation to hydrocarbon accumulation (Zhou et al., 2017) . Consequently, the occurrence of microfractures strongly facilitates the effective connectivity of pores and throats (Ehrenberg and Nadeau, 2005) and provide connected pathways to fluid flow (Ross and Bustin, 2009; Rashid et al., 2017) , especially for closed pores or non-connected voids, and then possess an adverse influence on the sealing performance of the carbonate cap rock.
For the calcarenite, the HGC is positively correlated with the cement content with a high correlation coefficient. The HGC increases with cement following an exponential form (Fig. 11B) , indicating that there is significant porosity occlusion during multiple cementation. This is ascribed to the chemical reactivity of calcite minerals during the cementation process (Budd, 2002) . The reduction of intergranular porosity is supposed to be caused by pervasive cementation. Calcite cement occludes pore throat channels and considerably reduces their connectivity (Fig. 2F) . This is one of the dominant contributors to the effective blocking of hydrocarbon migration (Rezaeyan et al., 2015) . The carbonate cap rocks of the Yingshan Fm. in this studied area are of a better sealing capacity because of increasing widespread occurrence of cement content.
Dissolution of calcite minerals by aggressive fluids occurs in the carbonate cap rocks having a relative higher porosity (Mazzullo and Harris, 1992; Esteban and Taberner, 2003) , and poses an effective compensation for porosity losses caused by chemical compaction and calcite cementation (Fig. 2K) (Rashid et al., 2017) . However, dissolution has a limited enhancement effect on the permeability of the cap rock. This is attributed to the fact that additional porosity is generally in the form of pore voids and isolated pores rather than in the form of pore throat channels for all samples within largely unchanged untra-low porosity and permeability (Colón et al., 2004; Rashid et al., 2017) .
The originally formed intergranular pores and microstructures always undergo strong chemical reactivity of carbonate minerals, affected by the strong mechanical compaction, compaction solution and multiple cementation together (Javanbakht et al., 2018) . This probably results in a rapid reduction of porosity and permeability during relative deep burial (Budd, 2002; Ehrenberg and Nadeau, 2005) . These microstructures and intergranular pores are partly/completely blocked by calcite cements and/or laminated illites (Fig. 9 , Rashid et al., 2017) , and thus they could not act as connected flow pathways for oil-gas migration individually.
Controls of breakthrough pressure and median pressure on porosity
The correlations between the breakthrough pressure (Pb), median pressure (Pm) and six porosity types (from macropore-I to transitional pore-II) were analyzed further and compared in Figs. 12, 13 and 14. The Pb shows almost no correlation with the marcopore-I and macropore-II types (Fig. 12A1, B1) , and a very weak positive correlation with mesopore-I type (Fig. 13C1) . However, the Pb has a good positive linear correlation with the mesopore-II, transitional pore-I and transitional pore-II types with correlation coefficients higher than 0.71 (Fig. 13D1, 14E1, F1 ). This suggests that the breakthrough pressure of the cap rock is strongly controlled by the well-developed mesopore-II, transitional pore-I and transitional pore-II types that affect the trigger threshold of hydrocarbon migration (Li et al., 2005; Fan et al., 2011) .
In addition, the Pm has an obvious negative correlation with the marcopore-I and macropore-II types, with low correlation coefficients (Fig. 12A2, B2) , and a weak negative correlation with the mesopore-I type, with an extremely low correlation coefficient (Fig. 13C2) . Pm shows no correlation with the mesopore-II and transitional pore-I types (Fig. 13D2, 14E2) , and there is only a slightly positive relation between Pm and the transitional pore-II type (Fig. 14F2) . A comparison of the predominant pore size distribution reveals that the volume of macropores and mecropores makes up to 47.37% and 33.93% in the type B pore structure, respectively (Fig. 4B2) , while it adds up to 17.32% and 61.71% of the total pore volume in type C (Fig. 4C2) . The total fractal dimension of type B is 2.5971, which is significantly smaller than that of type C (2.8500) ( Table 2 ). These results imply that, with the decreasing proportion of macropores and increasing proportions of mesopores in the total volume, the pore networks of carbonate cap rock are more heterogeneous and prevent hydrocarbon flow because of their tightness (Huq et al., 2017; Lü et al., 2017) . Accordingly, the sealing capacity of carbonate cap rocks becomes higher when the relative presence of mesopores with respect to macropores is higher. This can be explained by the significant role of the relatively small pore throat radii of cap rock in hindering the petroleum fluid transport through the overlying seal rocks (Schlömer and Krooss, 1997; Boulin et al., 2013) .
Relationship between fractal dimension and pore structure parameters
A range of fractal dimensions of pore throats can be obtained from the combination of MICP and N2GA analyses (Table 2) . With increasing fractal dimension, carbonate cap rocks become more heterogeneous (Xie et al., 2015) . D1 and D2 are larger than D3, D4, D5 and D6 (Fig. 7B) , thus indirectly indicating that the homogeneity of systems defined by mesopore and transitional pore type structures are better than those with a macropore type structure. The macropore types have more complex pore networks. Average D1 and D2 values are far from 2.0 and closer to 3.0 (Fig. 7B) , meaning that the macropore structures with a discrete irregular PSD are heterogeneous with a highly complex pore system. Additionally, average D5 and D6 approach a value of 2.0, indicating that the transitional pore structures are more homogeneous (Thompson et al. 1987) .
Fig. 12
Relations between porosity (macropore-I and macropore-II) and the breakthrough pressure and median pressure from the combination method of the MICP and the N 2 GA for 21 carbonate cap rock samples. D1, D3, and D4 have good negative correlations with porosity of their corresponding pore sizes (φ1, φ3 and φ4 respectively) (Fig. 15A, C, D) . On the contrary, D2 has a poor negative correlation with porosity of macropore-II (φ2) (Fig. 15B) . Fractal dimensions from D1 to D4 show an increasing trend along with decreasing porosity. This suggests that macropores and mesopores make a significant contribution to the fractal variation on the basis of PSD (Schmitt et al., 2013) . However, the total fractal dimension (Dtotal) shows no apparent relation with porosity (Fig. 16A) . This is probably disturbed by transitional pores and micropores together with pore-filling clay mineral (e.g., laminated illite and lamellated illite in Fig. 9C, E) . These clays make the pore structure more irregular and weaken the influence of macropores and mesopores on Dtotal (Aliakbardoust and Rahimpour-Bonab, 2013) . In conclusion, different PSDs of carbonate cap rock have varying impacts on their fractal behaviors, whereas only the larger pores have a significantly negative correlation with fractal changes.
The analyses presented here reveal that the different fractal dimensions (from D1 to D6) and Dtotal show various characteristics and disparate relationships with their corresponding porosity. The tight carbonate cap rock from the O1-2y Formation has a pretty complex and heterogeneous pore throat structure with poor connectivity (Krohn, 1988) , and the different PSDs of this rock has a strong impact on the fractal features of pore throat. 
Relationship between fractal dimension and sealing capacity
The relations between test parameters and total fractal dimension in six types of pore throat structures were analyzed to reveal the effect of the total fractal dimension (Dtotal) on the pore throat properties and rock's sealing capacity (Fig. 16) . The correlation coefficients of Dtotal and testing parameters are listed in Table 3 . Porosity presents a good relationship with Dtotal in types A and C with relatively high correlation coefficients, whereas such correlation is weak for the other four types, especially for type B (Fig. 16A) . Permeability has good correlation with Dtotal for types D and F, and a poor one for the other residual types, especially in types B, C and E (Fig. 16B) . In general, the porosity and permeability of carbonate, sandstone and shale reservoirs decrease with increasing fractal dimension (Schlueter et al., 1997; He et al., 2016; Zhang et al., 2018) . However, we have found here that for tight carbonate cap rocks comprising various pore throat sizes there are significant differences between porosity, permeability and total fractal dimension. This is likely due to the fact that the irregularly distributed pore morphologies make the pore throat complex (Corrado et al., 2014) , resulting in a pore system that acts as a baffle for fluid flow due to the transformation from smooth to rough pore throat surfaces (Chalmers and Bustin, 2008; Nooruddin et al., 2014; Norbisrath et al., 2017; Zambrano et al., 2018) .
The breakthrough pressure (Pb) has a good relationship with Dtotal of types C and D, but has a poor correlation with that of type E (Fig. 16C) . Overall, the median pressure (Pm) and cover coefficient (CC) correlate well with Dtotal, especially in types E and A that present very high correlation coefficients (Fig. 16D, E) . However, the correlation coefficients between specific surface area (SSA) and Dtotal vary dramatically (i.e., from 0.0001 to 0.991; Fig. 16F ). This indicates that the relationships between Pb, Pm, CC, SSA, and Dtotal are highly complex and difficult to predict. Consequently, as discussed above, cap rocks with similar PSDs and pore radii probably can potentially have completely distinct pore networks (Muller and Mccauley, 1992) , thereby showing diverse fractal dimensions (Zhang et al., 2018) .
In addition, the plots between various fractal dimensions of corresponding pore throat, and Pb, Pm, CC and SSA were analyzed to investigate the variable fractal features and the impact of fractal dimensions on the rock's sealing capacity (Table 4 and Fig. 17, 18, 19) . D1 has good relationship with Pb and CC (Fig. 17A1, A2 ), while D2 and D3 only have good relationship with Pm (Fig. 17B1, C1) . Furthermore, although D5 only has a good relationship with SSA (Fig. 19F2 ), D4 has a poor correlation with all these four parameters (Fig. 18D1, D2 ). The aforementioned analyses reveal that the heterogeneity and anisotropy of macropores are the main controls on the carbonate cap rock sealing capacity. Cap rocks are effective seals for the underlying reservoirs if both are high. Consequently, the increasing D1 not only reflects the roughness degree of pore throat surface and irregularities of pore shapes, but also enhances the capillary resistance force to hydrocarbon migration (Vavra et al., 1992; Wu et al., 2018a) . The poor relationship of Dtotal with these four parameters has resulted from the various positive or negative correlations of five fractal dimensions (from D1 to D5) with these parameters. The pore throat structure of carbonate cap rock has fractal characteristics in a certain scale range as a consequence of the residual bitumen (Fig. 2L) , pore-filling and/or pore-bridging illites (Fig. 9C, E) Java et al., 2005) . Calcite cements and illite occupying some part of the pore space make pores appear with an irregular shape, thus increasing the fractal dimension (Zhang et al., 2018) . Our results reveal that the larger the fractal dimension of pore properties is, the rougher the pore surface is, and the more irregular the PSD is (Norbisrath et al., 2017) . We have also found that the more irregular the pore throat shape is, the greater the resistance for hydrocarbon fluid flow is (Schmitt et al., 2013) . Fig. 20 shows that the fractal dimensions corresponding to the macropores in the type B pore structure increase with the increasing of macroporosity of cap rock, which implies the cap rock heterogeneity become stronger for the Ordovician Yingshan Formation in the Tarim Basin. In addition, the macroporosity within the carbonate cap rock presents an exponential correlation with the height of gas column (HGC) with a higher correlation coefficient. This suggests that the increase of sealing capacity occur in the type B pore structure of carbonate cap rock as a consequence of increasing heterogeneity (Fig. 20) . Consequently, the range variation of porosity and permeability can be determined for the increase in macroporosity with larger pore throat diameters enhancing the cap rock heterogeneity: the porosity ranges from 0.25% to 0.85% and the permeability ranges from 0.004×10 -3 μm 2 to 0.138×10 -3 μm 2 . Strong anisotropy and poor connectivity of pore throat structures in carbonates is key for the development of an effective seal (Zhou et al., 2017) . The enhancement of carbonate cap rock heterogeneity can potentially improve the resistance of the rock to hydrocarbon migration (Wu et al., 2018a) , thus better sealing oil and gas in the underlying fracture-cavity carbonate reservoirs (Schlömer and Krooss, 1997) . 
Fig. 20
Relationships of macroporosity (>1,000 nm), height of gas column (HGC), and fractal dimension corresponding to macropore-I (>2,500 nm) and macropore-II (>1,000 nm) in the type B pore structure of carbonate cap rock from the Tarim Basin. sealed by the carbonate cap rock intervals containing six types of pore throat structures defined from the Tahe oilfield in the Tarim Basin.
Relationship between sealing capacity and actual production
Evaluating the influence of various types of pore structures and their fractal dimension on the height of gas column (HGC) in actual production is necessary to analyze the sealing capacity of carbonate cap rock, and then to predict the favorable distribution zones of cap rock that seal the underlying hydrocarbon in carbonate reservoirs. Consequently, we have collected some actual production data from the Tahe oilfield in the Tarim basin. These data are primarily the average thickness of the oilbearing layers that are sealed by these cap rock intervals where the studied samples were collected from. We have also analyzed the average daily production of crude oil from the oil-bearing layers in carbonate reservoirs.
There is a positive correlation between the sealing capacity and the average thickness of the oil-bearing layer. The cap rock interval with pore throat structure type E containing the maximum calculated HGC (Fig. 3) can seal the underlying oil-bearing layer with the largest average thickness of 25.6 m (Fig. 21A) . Importantly, this oilbearing interval has the largest average daily yield of crude oil with 13.49 ton per day (Fig. 21B) . However, the cap rock interval corresponding to the minimum calculated HGC of pore throat structure B merely covers the thinnest average oil-bearing interval of 1.46 m, and the average daily output of crude oil is only 1.85 t/d (Fig. 21B) . This implies that the presence of a complex pore throat structure has a significant influence on the vertical distribution of oil-bearing layers and on actual production. The difference in the pore structure of the overlying carbonate cap rock causes a large change of the sealing performance. This does not only results in a change of the thickness of the oil-bearing layers but also affects the daily output of oil and gas in carbonate reservoirs.
Carbonate cap rocks acting as local cap rocks, which are different from traditional cap rocks (e.g. mudstone cap rocks and evaporite cap rocks) and are controlled by depositional settings, diagenesis, lithological types, tectonic movements and fractures (Wu et al., 2018b) . Numerous explorations have revealed the sealing potential of carbonate cap rocks in the Tahe oilfield from the Tarim Basin (Wu et al., 2018a) . A complete reference to the present traditional evaluation system and evaluation parameters of cap rock for the medium and large gas fields in China (Lü et al., 2005; Hu et al., 2009; Qian et al., 2012) is not applicable to the sealing capacity assessment of carbonate cap rock. Hence, new evaluation criteria of sealing capacity for carbonate cap rock should be established in the following study.
In summary, the fractal theory is used here to study the complexity of pore systems with irregular shape. The fractal dimension can not only describe the pore connectivity and complexity of pore throat structures, but also describes the particle size composition of the reservoir rocks. Therefore, the fractal dimension becomes an important parameter to quantitatively investigate the microscopic pore regular structure and combination characteristics, as well as to characterize the microscopic heterogeneity and sealing capacity of carbonate cap rock.
Conclusions
(1) The carbonate cap rock of the O1-2y Formation in the Tahe oilfield is mainly dominated by micrite, followed by calcarenite, dolomitic limestone and silty-fine crystalline dolomite. The pore space of the carbonate cap rock is mainly in the form of macropores (>1,000 nm), mesopores (100-1,000 nm) and transitional pores (10-100 nm), and can be classified in six types from type A to F with each having a distinct pore size distribution (PSD). A wide range of PSD characteristics and an extremely weak correlation between porosity and permeability suggests that the pore throat structures of this carbonate cap rock are rather complex and poorly interconnected.
(2) The fractal theory is suitable for the characterization of pore throat structures of carbonate cap rocks. The fractal characteristics of the studied cap rock can be divided into six segments, which correspond to the fractal dimensions D1, D2, D3, D4, D5, and D6, with discrete PSDs. Overall, the decreasing average fractal dimension values from D1 to D6 are associated with a decrease in pore throat size. Dtotal in the range of 2.0885-2.9609 (with an average of 2.6618) shows that the pore networks of carbonate cap rock are strongly heterogeneous and significantly anisotropic.
(3) The average fractal dimensions of micrite and silty-fine crystalline dolomite are significantly lower than those of calcarenite and dolomitic limestone, and thus the pore throat structures of this carbonate cap rock are affected by lithological types. The sealing height of gas column for carbonate cap rock are reduced with the increasing of microfracture density. Abundant micorfractures possess an adverse impact on the sealing performance of this rock. Conversely, the height of gas column is positively correlated with the cement content. The good sealing capacity of the cap rock in the studied area resulted from the high cement content.
(4) Well-developed mesopore-II, transitional pore-I and transitional pore-II have a significant control on the breakthrough pressure and affect the trigger threshold of hydrocarbon migration within carbonate reservoirs. Mesopores play a more significant role in preventing petroleum transport than macropores do. Comparisons between D1, D2, D3, D4, D5, and D6 suggest that meso-pore and transitional pore structure types with fractal dimensions (D3 and D4) close to 2.0 are more homogeneous and less complex than macropore structures with those (D1 and D2) close to 3.0. D1, D3 and D4 show a better negative trend with porosity decreasing than D2.
(5) Different pore size distributions of carbonate cap rock have varying impacts on their fractal behavior, whereas only the larger pores (macropores and mesopores) have a significant negative correlation with fractal changes. The total fractal dimension (Dtotal) shows no apparent relation with porosity, which is disturbed by transitional pores and micropores together with pore-filling clay mineral that make the pore structure more irregular and weaken the influence of macropores and mesopores on Dtotal.
(6) The carbonate cap rock comprising various PSDs has significant differences between porosity, permeability and total fractal dimension, meanwhile the relationships between breakthrough pressure, median pressure, cover coefficient, specific surface area and Dtotal are highly complex. We conclude that the sealing capacity of cap rock is mainly controlled by the heterogeneity and anisotropy of macropores.
